Flows of solid particles and air in a model blast furnace have been simulated using Distinct Element Method (DEM) for the particles and Finite Difference Method for the numerical analysis of Navier-Stokes equations with the interaction terms between the air and the particles. The flow of solid particles, the air flow, the raceway and the packing fraction distribution are presented. The raceway depth, the diameter of particle inflow area and the raceway height which quantitatively represent a raceway are also presented and compared with the experimental data (CAMP-ISIJ, 16 (2003)). The fairly good agreement obtained by the comparison indicates that our simulation results are sound and the simulation results would represent the flow mechanisms of the solid particles and the air in the model blast furnace, and the simulation method that the Lagrangian motion of particles and the Eulerian motion of the air are simultaneously solved is a useful tool for predicting the flow fields of particles and the gas in a blast furnace. Unsteady state solutions of these flows suggest that dynamical characteristics in the model blast furnace are unstable and fluctuate, and that an unusual phenomenon would happen under some conditions even in the small scale model blast furnace.
Introduction
Numerical prediction of particle and gas flows in a furnace is one of the most important research subjects in many kinds of engineering, particularly the iron steel manufacturing. Yamaoka and Nakano 1) calculated particle motions in a cold small scale model blast furnace using DEM and showed the effect of the tuyere diameter, the tuyere length and the bosh angle on the gas and the particle flows. Xu et al.
2) calculated gas and particle flows in a cold small scale particle bed using a continuum model for the gas phase and a discrete model for the solid phase. They presented the effects on the raceway and the fluidization by the size and the shape of the mobile zone, flow patterns and particle forces. Zhang et al. 3) simulated gas and particle flows in a two dimensional cold small scale model blast furnace using continuum models for both the gas and the solid phases. The results showed that the mass loss affected the solid flow pattern and the deadman profile. Increasing the solid consumption rate increased the solid velocity and decreased the deadman size. Takahashi et al. 4) calculated stress distributions on a deadman surface assuming the deadman to be a conical body. Nouchi et al. 5) calculated gas and solid particle flows in a water model using DEM. The results showed that the flow pattern and stagnant zone profile were affected by the level of liquid and the position of discharging hole. Nogami et al. 6 ) simulated gas and solid particle flows in a model blast furnace using DEM. They took into account of heat exchange and chemical reactions. Their results showed that the blast temperature and the gas compositions could control the raceway shape and size, and the gas temperature in the model blast furnace. Recently Nakano and Yamaoka 7) simulated flow fields of gas and particles in a small scale blast furnace using a continuum model for the gas phase and the discrete model (DEM) for the solid phase. They neglected viscous terms in Navier-Stoles equations. They divided the blast furnace into two areas. One was the particle flow area in which they calculated the particle movement and the gas flow, and another was the packed bed area in which they calculated only the gas flow. They compared the calculated unsteady pressure at the side wall with the measured one. Their calculated pressure results fairly well describe the pressure fluctuation and the periodicity.
It is necessary to verify numerically simulated various results, for example the particle and the gas flow fields, and the characteristic physical quantities in the blast furnace, by comparing with experimental data measured under the same conditions. The objective of this study is to validate our simulation results obtained by Eulerian and Lagrangian simulation method, in which Navier-Stokes Eulerian equa- tions with the interaction terms between gas and particles and DEM Lagrangian equations are simultaneously solved, by comparing with experimental data and to indicate that the simulation method is a useful tool for predicting flow fields of particles and gas in a blast furnace. Another objective is to elucidate the flow mechanism of the solid particle and the air in the raceway region in the blast furnace. We present various flows in the blast furnace using Eulerian and Lagrangian simulation method and obtained the motion of solid particles, the air flow, the packing fraction, the raceway depth, the diameter of particle inflow area, the raceway height and the air jet angle. The simulation results of the raceway depth, the diameter of particle inflow area and the raceway height are compared with the experimental data. 8, 9) The comparison indicates that our simulation results are sound and our simulation method would be useful for the prediction of the flow mechanism in the blast furnace. The results described that these dynamical characteristics in the model blast furnace were unstable and fluctuate, and suggested that an unusual phenomenon would happen under some conditions even in the small scale model blast furnace.
Computational Procedure

Gas Phase Calculation
The non-dimensional forms of Navier-Stokes equations with interaction terms between gas and particles, and the fluid continuity equation are as follows: In the above non-dimensional equations the characteristic velocity U 0 (ϭ83.3 m/s) which is the air velocity at the tuyere outlet, the characteristic length Hc (ϭ8 mm) which is the tuyere outlet height and the characteristic time Hc/U 0 were used. The tuyere outlet height was used for the tuyere diameter of Sawayama et al.'s experiment. Equations (1) and (2) are the governing equations for the gas phase. In the present simulation the computational domain is 3-dimensional and the air was used for the gas. St and St L in Eq. (1) are the interaction terms of the drag and the lift forces between the air and the particles. The air and the particle motions are linked through these interaction terms. Substitution of Schiller and Naumann 10) experimental drag coefficient, which is applicable to flows of Re p Ͻ1 000, gives the following equation for St. The correction factor x(e) in the above equations represents the effect of neighboring particles on the drag force. We used the experimental equation 11) for x(e). (6) where we used the equations 12) obtained by formulating Kurose and Komoris 13) calculated data for the lift coefficient C L . We used approximately x L (e)ϭx(e) for the correction factor for the lift force.
In case of Re pw Ͼ1 000, Eq. (7) for Magnus lift force is appropriate.
... (7) Poisson equation obtained by taking the divergence of Navier-Stokes equations was numerically solved by the relaxation method. We used the fourth order central difference scheme for the convection terms and the second order central difference scheme for other spatial derivative terms. The second order Runge-Kutter method is used for the time derivative terms.
Particle Calculation
DEM 12, 15) were used to simulate the particle motions. An elastic spring and a viscous dashpot model between particles were introduced to calculate the multi-body forces on a given particle by the contacts with the other particles. In the shearing direction, a friction slider was also used to calculate the slip at the contact point. In this study, we used the Hertz contact theory 16) to estimate the elastic spring constant. The equations for the particle motion are as follows, ...... (9) ........... (10 
.
The first terms of the right hand side in Eqs. (9) and (10) are the resultant contact force and the resultant contact moment among the reference particle i and the contact particles j. F Di and F Li , which are obtained using the dimensional forms of Eqs. (3), (4), (6) and (7), are the drag force and the lift force between the reference particle i and the air. F Gi is the gravitational force of the particle i. M ij and M Dij are the moment due to contact force and the moment due to damping force at contact point between the reference particle i and the contact particle j, respectively. M Fi is the fluid friction torque acting on the particle. Takagi (12) and when ....... (13) Yuu et al. 12) present the detail of the similar computational procedure of DEM in the journal. See the paper of the reference number 12) for the detail.
Computational Domain and Conditions
Figure 1(a) shows the computational domains in X-Y and X-Z planes, and the boundary conditions. Figure 1(b) shows the tuyere shape and size. Sawayama et al. used the tuyere of which outlet is half circle and diameter is 8 m in their experiment. Then we used the tuyere of which width is 4 mm and height is 8 mm as shown in Fig. 1(b) in the present calculation. We used approximately 8 mm for tuyere diameter Dt. Table 1 indicates the calculation conditions. The tuyere was installed along the front wall in X-Z plane and touched in it as shown in Fig. 1 . The tuyere direction was horizontal. The particle used in this simulation was styrene sphere of which diameter and density were 2.8 mm and 270 kg/m 3 respectively as shown in Table 1 . These styrene spheres were the same as Sawayama et al. used in their experiment. The particle number calculated and other computational conditions are shown in Table 1 . Other boundary conditions are also shown in Fig. 1 .
Coke burns and disappears in a raceway in a blast furnace. To represent this fact, we discharged particles from the pipe shown in Fig. 2 in the same way as Sawayama et al. 8) did in their experiment. The particle discharge rates, Q, in this simulation were 0 g/min which meant no particle discharge and 120 g/min respectively. As particles discharged were returned to the top of the blast furnace, the particle bed height, which was 370 mm, kept constant. The distance from the particle discharge point shown by symbol ϫ in Fig. 2 to the tuyere outlet was set to be equal to that of Sawayama et al.'s experimental apparatus. 8) We discharged the particle which existed in the region shown by oblique lines in Fig. 2 and was nearest to the point ϫ in Fig. 2 . The particle discharge pipe with the solid wall boundary conditions were considered in this calculation. The solid wall boundary conditions mean that particles and air are not able to go through the wall.
The void fraction was calculated by the following equation.
The packing ratio Pr is (1Ϫe).
We used the personal computer, which is Intel, Itanium2 processor (1.6 GHz)ϫ2, for the computation. It took 1 000 h for the calculation of the 10 s phenomena.
Results and Discussion
Initially solid particles were arranged regularly in the model blast furnace and 10 % of these particles were erased, and then the remaining particles were settled using DEM until the maximum sedimentation velocity was less than 0.1 mm/s. After that the air issued from the tuyere. Figures  3(a) and 3(c) show the vector diagrams of the calculated particle velocity in X-Z plane for the air flow rate Qaϭ 160 Nl and the particle discharge rate Qϭ0 and 120 g/min respectively. The calculated particle and air velocities in the figures in this paper are the values averaged in a computational cell. The position of an arrow head is a center of computational cell. Figure 3(b) shows the experimental particle velocity diagram 9) for Qaϭ250 Nl and Qϭ0 g/min R1-R2 in these figures is the vertical line passed along the particle maximum circulating velocity point. The calculated and the experimental velocity vector diagrams indicate the large pair vortices of particles. The large vortex is in both sides of the jet axis. These vortices are the large circulating flow. The interaction between the air and particles, which is mainly the drag force between them, and the gravitational force of particles cause the large circulating particle flows. The top of the pair vortices is larger than the bottom of the pair vortices. It might be caused by the fact that the stress of granular bed acting on the bottom of the pair vortices is larger than that acting on the top of the pair vortices because the height of the granular bed at the bottom of pair vortices is larger than that of the top. The calculated results demonstrate the fact that the vortices of particles become larger with increasing the particle discharge rate Q. The large Q produces the wide region of the low packing ratio near the tuyere tip. Particles easily move in the low packing region by the drag force of the air. These vortices which are the large circulating flow of particles correspond to raceways. Usually one large circulating flow of particles appears in a raceway in a blast furnace, however under the present conditions both of the calculated and the experimental results indicate a pair of large circulating particle flows. Larger width of calculated velocity distribution is re-© 2010 ISIJ Fig. 2 . Location and size of particle discharge pipe, and region in which particles were discharged (unit is mm). flected by larger calculated raceway. The calculated raceway for Qϭ0 g/min in Fig. 3(a) is smaller than the experimental one for Qϭ0 g/min in Fig. 3(b) , because the air flow rate Qaϭ160 Nl/min for the present calculation is smaller than Qaϭ250 Nl/min for the experiment in Fig. 3(b) . The large air flow rate means the large air velocity which interacts particles and forms the large raceway. The calculated particle velocity distributions in the raceway shown in Figs. 3(a) and 3(c) are similar to the experimental data in Fig. 3  (b). Figures 4(a) and 4(b) show the vector diagrams of the calculated air velocity in X-Z plane for the particle discharge rate Qϭ0 and 120 g/min respectively. Air issues from the tuyere tip with much higher velocity than the solid particle velocity and forms the jet like flows which finally become the ascending flows with the low velocity among particles in the region far from the tuyere tip. The air velocity is about hundred times larger than the particle velocity. Both of air flows for Qϭ0 and 120 g/min do not form large circulating flows. The interaction between the air and particles could not cause the large circulating air flow because the air velocity was much higher than those of particles. The length and the width of the air flow pattern increase with increasing the particle discharge rate Q. This is one factor which leads to the large raceway with increasing Q. As mentioned earlier the large Q makes the large region of the low packing ratio near the tuyere tip. The air and particles easily move in the low packing region of particles. Figures 5(a) and 5(b) show the vector diagrams of the calculated particle velocity in X-Y plane for Qϭ0 and 120 g/min respectively. The jet like stream of particles flows along the furnace wall and forms a large particle vortex. The large circulating particle flow which corresponds to the large particle vortex in X-Y plane is similar to the top of pair vortices in X-Y plane. Figures 6(a) and 6(b) show the vector diagrams of the calculated air velocity in X-Y plane for Qϭ0 and 120 g/min respectively. The large air circulating flow which is a large air vortex exists in X-Y plane because of the existence of the solid wall along the jet center line. The shear stress by the X-direction quiescent solid wall reduces the X-direction air velocity and produces the large air vortex. This air circulating flow directly related to the large circulating particle flow, because the interaction between particles and the air produces the particle flow. As the gravity does not act to the horizontal motion of particles in X-Y plane that is horizontal, the gravitational force of particles does not affect the formation of the large circulating particle flow in X-Y plane. Since the particle density is about hundred times larger than the air density, the drag force, which is the interaction force, by the air leads to the small particle velocity. The air velocity is about some hundred times larger than the particle velocity. Figures 7(a) and 7(b) show the calculated iso-contours of the particle velocity 1/2 mm/s of iso-contours. These figures present quantitatively the particle velocity scalar distribution. The results in these figures correspond to those in the particle velocity vector diagrams in Figs. 3(a) and 3(c) and show the various vortices of particle flows including the large pair vortices of particles. Figures 8(a) and 8(b) show the calculated iso-contours of the particle velocity scalarϭ (u and 9(b) show the calculated horizontal particle velocity distributions on R1-R2 line, which is the vertical line passed along the particle maximum circulating velocity point shown in Fig. 3 , for Qϭ0 and 120 g/min, respectively. The calculated velocity distributions indicate two velocity peaks. Larger and smaller peaks of the particle velocity correspond to the maximum velocity of larger and smaller vortices on R1-R2 line. The particle velocity peak increases with increasing Q because the large Q makes the large region of the low packing ratio. As shown in Figs. 3(a) and 3(b), the pair of the large circulating particle flows indicates that the particle velocity near the center line of the jet should be positive. The positive values of our calculated particle velocities near the jet center line would be reasonable. Figures 10(a) and 10(b) show the calculated packing ratio distribution on the jet center line from the tuyere tip for Qϭ0 and 120 g/min, respectively. The calculated packing ratios are nearly zero from the tuyere tip to Xtϭ12 mm for Qϭ0 and to Xtϭ16.5 mm for Qϭ120 g/min respectively, where Xt is the distance from the tuyere tip. Twelve millimeters and 16.5 mm of Xt corresponds to air jet length Dm as mentioned later. The packing ratios increase linearly with increasing X. Both of calculated packing ratios reach the same valueϭ0.63 at Xtϭabout 47 mm for Qϭ0 and Xtϭabout 58 mm for Qϭ120 g/min and become constant in the region XtϾ47 mm and XtϾ58 mm, respectively. The calculated air jet length Dm is 12 mm for Qϭ0 g/min and Dm is 16.5 mm for Qϭ120 g/min. Our calculated air jet length is the instantaneous value. The region in which the packing ratio increases linearly is roughly the circulating zone. The length of the calculated circulating zone is about 25 mm for Qϭ0 g/min and is about 42 mm for Qϭ120 g/min. The regions of XϾabout 47 mm for Qϭ0 g/min and XϾabout 58 mm for Qϭ120 g/min are the dead zone in which the packing ratio is large and nearly constant, and the particle velocity is nearly equal to zero. The dead zone corresponds to the furnace core.
Quantities that quantitatively represent a raceway are the raceway depth Dr, the diameter of particle inflow area Ds, the raceway height Hr and the angle of air jet q. The raceway is defined as the region where the particle velocity scalar is larger than 0.05 Ux max . The size of the raceway gives Dr and Hr. Ds is defined as a length of area in which particles flow into the gas jet as shown in Fig. 11 . Ds was decided by the length between the point of which particle velocity at the periphery of the main circulating vortex, which is larger one, changes into the inside of the gas jet and the wall. q is defined as an angle between two centers of particle circulating flows which are particle vortices as shown in Fig. 11 . These calculated quantities are presented and compared with the experimental results 8) in this paper. Figures 11(a) and 11(b) show these calculated quantities obtained on our particle velocity vector diagrams which are the same diagrams as shown in Figs. 3(a) and 3(c) for Qϭ0 and 120 g/min. The calculated Dr, Ds and Hr are compared with the experimental data 8) in Fig. 12 . Dr, Ds and Hr increase with increasing the particle discharge rate Q. This © 2010 ISIJ © 2010 ISIJ means that the raceway grows as the particle discharge rate becomes large. The large Q makes the large space of the low packing ratio. Then the air jet penetrates into the large space and brings about the motion of many particles, which exist in the large space, and form the raceway by the interaction forces between the air and the particles. The calculated values of Ds and Dr are in good agreement with the experimental results. On the other hand the calculated results of Hr are slightly smaller than the experimental data. The difference between the calculated and the experimental Hr is about 10 %. Many matters would cause the difference. For example the effect of particle size distribution and the difference between the details of the model furnaces would cause the discrepancy. The difference of tuyere outlet air velocity resulted by the tuyere tip area difference between the calculated which is the rectangle, (4ϫ8ϭ32.0 mm 2 ), and the experiment which is the half circle, (pϫ8 2 /8ϭ 25.1 mm 2 ) would be one of the reasons for the difference between the calculated and the experimental results. The shape difference of the tuyere tip would slightly affect the raceway shape. These comparisons might quantitatively indicate the differences between the calculated and the experimental shapes of raceways. Figure 13 shows the relation between the ratio of the raceway height and the raceway depth Hr/Dr and the penetration factor Dr/Dt, where Dt is the tuyere diameter. The results indicate that Hr/Dr linearly decrease with increasing the penetration factor Dr/Dt. This means that the raceway shape becomes longer sideway oval with increasing the penetration factor. Since the gas flow rate from the tuyere, the tuyere diameter and the particle discharge rate affect Dr, the horizontal axis Dr/Dt includes these effects. Our calculated results (3-dimensional cold model blast furnace) are found near the experimental data of Nakamura et al. 18 ) (3-dimensional hot model blast furnace) shown by the bold line in this figure. The change of calculated Hr/Dr by the penetration factor is in good agreement with that of experimental data. Hr/Dr of the hot model blast furnace are slightly smaller than those of the cold model blast furnace. Figure 14 shows the angle of the gas jet q which is defined as an angle between two centers of particle circulating flows. The calculated and the experimental results show that q decreases with increasing Qa. It seems that q asymptotically decreases to the angle of the single phase air jet, which is about 12°. Figure 15 shows the calculated results of Ux max which is the maximum horizontal particle velocity. The results in this figure indicate that Uxmax increases with increasing the particle discharge rate and the raceway height would be decided by Ux max . This means that it would be able to predict Hr when one knows Ux max .
Conclusions
The flows of the solid particles and the air in the cold model blast furnace have been simulated using DEM for the particles and the Finite Difference Method for the numerical analysis of Navier-Stokes equations with the interaction terms between the air and the particles. The flow of solid particles, the air flow, the raceway and the packing fraction distribution are presented. The raceway depth, the diameter of particle inflow area and the raceway height are also presented and compared with the experimental data. The fairly good agreement obtained by the comparison indicates that our simulation results are sound and the simulation results would represent the flow mechanisms of the solid particles and the air in the model blast furnace, and the simulation method that the Lagrangian motion of particles and the Eulerian motion of the air are simultaneously solved is a useful tool for predicting the flow fields of particles and the gas in a blast furnace. These results also indicate that these dynamical characteristics in the model blast furnace are unstable and fluctuate, and suggest that an unusual phenomenon would happen under some conditions even in the small scale blast furnace.
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